DNA into a convenient number of large fragments (Fig. 1) . As expected, enzymes with six base recognition sites produced fragments that were almost all smaller than 50 kb. In spite of the few exceptions, like Xho I, which yielded a number of DNA pieces in the 50-to 200-kb size range, the general conclusion was that these enzymes cut the genome too frequently to be useful for initial PFG analysis. However, the two restriction enzymes available with eight base recognition sequences, Not I and Sfi I, produced a range of DNA fragments from 15 kb to more than,500 kb.
The size of these fragments was determined by PFG analysis at various pulse times that were chosen to expand portions of the molecular size range for optimal resolution. Under appropriate conditions, most fragments could be isolated as individual electrophoretic bands showing the expected monotonic increase in ethidium bromide staining intensity with molecular size. In selected cases, quantitative densitometry was used to confirm occasional bands that were multiplets. In other cases, comparison of different E. coli strains allowed the degeneracy of bands with multiple fragments to be resolved. The sizes of the Not I and Sfi I fragments for the E. colt K12 (X+, F+) wild-type strain, EMG2 (E. coli Genetic Stock Center Number CGSC 4401) are given in Table 1 . The molecular size of the E. coli genome can be determined unambiguously by adding the sizes of all the fragments. The agreement between the genorne size separately determined from Not I and Sfi I digests is excellent and establishes 4.7 Mb as the best measurement to date of the true size oftheE. coli K12 (X +, F+) genome. When the size of lambda phage and F+ plasmid are subtracted, the size of the unperturbed E. coli circular chromosome would be 0.15 Mb smaller.
After some initial studies, three strains were chosen for further characterization of the Not I restriction fragments. Strain EMG2 (10) was selected as the reference strain for restriction mapping. It is a well-characterized E. coli K12 wild-type strain, containing lambda prophage and carrying an F+ plasmid. Strain MC1009 (11) was chosen because a number of its Not I bands are particularly well resolved. It is mostly K12 but has some E. coli B DNA, is missing F+ plasmid, and lambda phage, has a 30-kb deletion including the lacZ operon, and another small deletion in the ara-leu region. The third strain used was W3110 (12). It is a K12 strain closely related to EMG2, missing F+ plasmid and lambda phage, and frequently used as a laboratory wild type but, in fact, carrying an inversion of about a quarter of the E. coli chromosome between rrnD and n-zE. The Not I digest of these three strains is compared in Fig. 2 . While most fragments are the same, a number of major differences are apparent, and some of these differences have assisted us in constructing and confirming the Not I restriction map of EMG2. Constructing a macrorestriction map. Sfi I cuts the genome of EMG2 into 28 pieces, and Not I cuts this strain into 22 fragments. The smaller number and better PFG resolution of the Not I fragments led us to concentrate all of our initial efforts on these fragments. They have been named A through V (Table 1) . One fragment, Q, is the F+ plasmid, linearized by cleavage at its single Not I site. Four different techniques were used to assign the approximate genome location of the remaining 21 Not I fragments and to place them in order. These were (i) Southern blotting with cloned DNA fragments, (ii) shifts in fragments coupled to known genetic rearrangements such as bacteriophage lambda insertions, (iii) blotting with specialized linking probes that were selected to prove the contiguity of two fragments, and (iv) partial Not I digestion.
Most of the information needed to complete the physical map of E. coli came from Southern blotting. A detailed genetic map already is available for most regions of the E. coli genome (8), and extensive regions of the genome have been cloned and characterized. A large number of cloned DNA probes for genes with reliably known position on the E. coli genetic map were chosen ( Table 2) . Each cloned probe was labeled with 32P and hybridized to a Southern blot of a PFG fractionated Not I digest of E. coli. In most cases all three strains listed above were analyzed on a single blot (Fig. 3) . For example, three successive hybridizations with different probes, without stripping the previous probes, resulted in the autoradiogram in Fig. 3 . Each probe detects a single and different band; thus this one blot assigns the approximate location of more than 800 kb of DNA on the E. coli genome.
We also took advantage of the availability of numerous wellcharacterized rearrangements of the E. coli genome. For example, we examined a series of lambda lysogens including lambda inserted at the normal attachment site on the chromosome, at 17 minutes (13), and other lysogens in which lambda is inserted elsewhere. Bacteriophage lambda has no Not I sites. Thus, each lambda lysogen will increase the size of the Not I band containing the lambda by 50 kb, or by multiples of 50 kb, if the lysogen actually contains multiple tandem integrations (14) . The shifted band can be identified unambiguously as containing lambda phage by hybridizing a blot of a PFG gel with lambda DNA (Fig. 4) . The assignment of the integration site can be proved by hybridization with putative nearby probes. An analogous approach can be used to map the chromosomal locations of integrated F+ plasmids and Tn5 transposons, each of which, fortuitously, contains Not I sites (15) .
Other E. coli strains are available with well-characterized chromosomal deletions or inversions. For example, the lacZ deletion in strain MC1009 allows Not I bands B and C to be distinguished. The two bands are the same in strains EMG2 and MCLOO9. However, An extremely useful E. coli genome rearrangement is the inversion between two ribosomal RNA cistrons in strain W31 10. This disrupts the largest Not I fragment seen in most other strains, and the result is a striking alteration in the PFG pattern seen at 100-second pulse times (Fig. 5A) . The inversion results in the shortening of Not I fragment A by almost 200 kb to produce fragment A', while fragment H increases in size to become H', the second largest fragment in strain W3110. Southern blotting with appropriate probes allows the rearrangement to be characterized fully. The result (Fig. 5B ) is fully consistent with the genetic assignment that the inversion took place between rrnE and mnD.
Finishing the physical map of E. coli. The methods described above allowed us to locate and order all but five of the Not I fragments of E. coli, F, 0, T, U, and V. The remaining fragments were placed on the map in two other ways, which also allowed us to confirm a number of regions of the map where initially there was no direct proof that two fragments were adjacent rather than separated by a small, unmapped fragment.
Clones that contain uncommon restriction enzyme cutting sites are called linking clones. Such clones are useful for constructing restriction maps (1, 3, 5, 6 ). When a linking clone containing a Xplac5  28  41  ruv  pPVAIOI  41  82  pyrE  pPP1  57  16  glnS  pXX105  29  42  uvC  pDR3003  42  82  ilvB  pTCN12  58  16  gitA  pHSgltA  30  44  hisG  pCB3  43  84  uncA  pDJKI  59  17  galK  pKM2  31  45  araFG  pWH54  44  87  polA  pCJ1  60  17  X   XcI857   24  48  adaC  pCS70  45  89  metj  pMAD4  61  20  rpsI4  pJS200  32  48  ompC  pMY150  46  89  rplK  pNF1344  62  21  ompF  pLF4  33  51  dsdC  pAC131  47  91  malB  pMB3  63  25  umuC,D pSK621  34  53  hisS  pSE411  48  92  lexA  pRB160  64  28  trp  pKB5  35  55  givA  pGS27  49  92  pIsB  pVLI  65  28  top  pJW249  36  57  pheA  pKB45  50  94  ampC pNU81  66  29  trkE  pUE  37  58  sri  XpsrlC  51  94  frd  pNU31  67  61  thyA  pBTAH  52  96  pyrB  pPyrB3  68 *Refers to locations in kilobases on Bouche's (69) 470-kb physical map of the E. coli terminus region. particular rare site is used to probe a blot of a PFG-separated digest generated with the same enzyrme, the probe will overlap two adjacent large DNA fragments. Thus it will hybridize to both of them and demonstrate that these two fragments must be adjacent in the genome. This approach provides information on the physical map regardless of preexisting genetic information. The last method used for mapping the E. coli genome was the analvsis of partial Not I digests, by hybridization with cloned probes. The upper end of the separation range of PFG lies considerably above the size of most Not I fragments of the E. coli genome. Furthermore, the dependence of mobility on molecular size is almost linear in PFG, compared with the logarithmic dependence in conventional gel electrophoresis. These factors make the analysis of partial digests by PFG convenient. Schemes for optimizing the application of partial digests have been described (1, 5). We have used variants of these schemes to place a few Not I fragments that could not be ordered anv other way. One example of an informative partial digest is shown in Fig. 6 .
Partial digests were effective in locating the smallest Not I fragments. Most of these were not revealed directly bv hybridization with cloned probes or known genome rearrangements. This is understandable since the small size of the fragments makes them unlikely targets for either of these approaches. What proved especiallv useful was eluting the small DNA fragments from PFG fractionations selected to optimize separations in the 10 The methods described above revealed the location of all 22 Not I fragments visible in ethidium bromide-stained PFG separations. There remained the possibility that additional tiny Not I fragments might exist that were too small to be detected, since the sensitivity of ethidium bromide staining is proportional to size. Two approaches were used to examine this possibility. The simplest was overloading gels with ten times as much DNA to enhance direct ethidium bromide visualization of any small fragment. This yielded inconsistent results. To achieve even greater sensitivity, and bypass any possible artifacts due to high DNA concentrations, we end-labeled total Not I digests of E. coli DNA with 32p prior to PFG analysis. This revealed no unexpected small DNA bands. However, neither of these approaches would have revealed Not I fragments so small that they would have eluted from the agarose gel in our sample preparation and handling procedures. The possibility that such bands exist will have to be tested by other methods such as cloning the bands directly into an appropriate vector.
Comparison of the genetic and physical maps. A summary of the physical map of the E. coli genome is presented (Figs. 7 and 8)  along with a simplified version of the existing genetic map (8) . The data in Figs. 7 and 8 confirm the assignment of almost all of the individual Not I fragments. With the benefit of hindsight, we can say that the task of determining the E. coli physical map could have been simplified by relying much more extensively on the partial digestion results. The only region of the map that still requires additional conclusive evidence is that comprising S and T. Analysis of this region is complicated because the two fragments are similar in size and a specific probe is available for only one of these, arbitrarily assigned as fragment S.
The agreement between the physical map and the genetic map is excellent. There is no case where the order of two genes or fragments is inexplicably inconsistent between the two maps. Several probes of the more than 50 examined did not give consistent results. In two cases, additional PFG bands besides the one expected were seen. These probably arise either from cross-hybridization or from the common artifact of cloning two unrelated fragments. In one case, the band hybridized by a probe made no sense whatsoever, and we assume the identity of the plasmid was incorrect since consistent results were obtained from several other cloned probes in the same genetic neighborhood. None of these data are included in the map since the cause of the discrepancy was not fully determined.
Along with consistency in fragment and gene order, our results show consistency in relative distances, as is indicated in Fig. 8 where the physical map is drawn with a linear scale and the genetic map is distorted to conform to the physical map. At the present resolution, the distortion required to superimpose the two maps is relatively little. On average there will be 46 kb of DNA per minute of the genetic map. The actual values for particular Not I fragments range from 61 kb per minute to 38 kb per minute. Thus the distances determined physically are consistent with relative distances measured by genetic techniques such as recombination and cotransduction. Hot spots for genetic rearrangement in E. coli are apparently spread uniformly enough throughout the genome so that the genetic map is closely proportional to actual length along the chromosomal DNA. Regions of the genome sparse in genetic markers do not seem to be sites with unusual properties. They most likely just contain genes for which no phenotype has yet been detected. It will be interesting to see whether these conclusions are maintained once higher resolution physical map data are available.
The existing E. coli map is still at relatively low resolution. However, it immediately allows the rough chromosomal position of any cloned DNA piece to be determined by Southern blotting. Thus the rough map position of any DNA sequence can be determined without the need for any known or measurable phenotype. The existing map also allows the entire genome to be scanned for any significant rearrangements such as insertions, deletions, or inversions. Thus, it will be of great use in a variety of studies on the dynamics of the E. coli genome as well as evolutionary and ecological studies involving E. coli and closely related organisms. It should be relatively simple to move from the existing map to a higher resolution one. By partial mapping methods, analogous to the Smith-Birnstiel procedure (1, 3, 19, 20) , the location of a wide variety of other restriction enzyme sites can be placed on the existing map with relatively little effort. The restriction map of E. coli is the first that has been obtained for any free-standing organism. The methods should be applicable to any other organism where extensive genetic map data exist. However, such detailed genetic information is not available for most organisms. Thus, one of the major reasons for determining a physical map is that it can then be used as a substitute for a genetic map. However, a simple extension of our methods can be applied to the study of any organism, even if no genetic information is available. Our results indicate the utility of linking clones in proving the contiguity of two DNA fragments. General procedures are available for isolating such clones, and a complete set of linking clones could make possible the determination of an entire physical map with no other additional information. By combining the linking and partial mapping strategies, it should be possible to construct complete maps even when one has only a small number of clones. These procedures open the way to the determination of the entire map of any organism. Pilot studies show that they are readily applicable to other bacteria, to yeast, to drosophila, and even to humans.
